Abstract. Anomalies in pore water (PW) composition have been found in the 100 m-long core BDP-93 that was drilled in Southern Lake Baikal, in four piston cores taken from the same region, and in recent sediments from Frolikha Bay, a hydrothermal vent site in Northern Lake Baikal. PW anomalies are manifested as significant increases in concentrations of sulphates, bicarbonates, chlorides, and the ions of alkali and alkali-earth metals, in some cases, in the appearance of specific minor elements. These increases are recorded at single depths within a core. Anomalies were found at different depths below the sediment-water interface (from centimetres to tens of meters) and the level of pore water enrichment by these components varies from station to station.
Introduction
Pore water (PW) is quite different from that of the initial waters entrapped by the sediments. Due to numerous processes that constitute early diagenesis (decomposition of organic mater, cation exchange, formation of new mineral phases, sulphate reduction, dissolution of carbonates -diatom frustules -mineral particles, etc.), the initial calcium bicarbonate Baikal water is transformed into bicarbonate-sulphate, chloride and mixed types of pore waters (Mizandrontsev, 1975) . The content of total dissolved solids (TDS) in PW increases and the proportion between ions changes with depth. However, parallel with these regular changes in PW chemistry, anomalously high concentrations of chlorides, 2 to 3 orders of magnitude greater than those in Baikal water, have been found in some pore waters (Mizandrontsev, 1975) . Anomalies were registered at the stations located near tectonic faults stretched along the western shore of Northern Lake Baikal. Such occurrences allow the author to suppose that chlorides enter the bottom sediments through the fault system in the zones of tectonic breakdowns.
Results of recent studies show that not only in this part of Northern Lake Baikal, but also in some other regions of the lake, there are pore waters with chlorides and Na-ions whose concentrations are tens-and hundreds-times greater than their concentration in Lake Baikal water. Often the concentrations of sulphates, bicarbonates, and K, Mg, Ca ions are also increased in the same samples and, in some cases there are bromides in these pore waters. In the same way as it was described in (Mizandrontsev, 1975) , the peaks of concentration occur at different depths within the sediment, including sedimentary layers close to the sediment-water interface.
It is of great interest that ambient sediments do not contain large amounts of the components listed above. Thus, pore water enrichment in such constituents can not only be due to direct water-sediment interaction. In this paper, based on the existent data, we try to explain the origin of the anomalies in pore water composition. 1 -Location of thermal springs in nearshore zone of Lake Baikal 2 -petroleum-searching holes in the Selenga River delta (Lomonosov, 1974) 3 -region, where gas hydrates are found in the surface sedimentary layer (Klerkx et al., 2000) and stations characterized by pore water anomalies: 4 -from (Mizandrontsev, 1975) ; 5 -stations with anomalous pore water composition in Southern Baikal; 6 -drilling hole BDP-93; 7 -region of hydrothermal sub-aquatic discharge in Frolikha Bay; a scheme of the bay and station numbers are shown on the inset.
Materials and methods
Sediments characterized by anomalies in PW chemistry and, in some cases, isotopic composition, are found in the southern (1 group) and the northern (2 group) basins of the lake ( Fig. 1 ): 1 group (a) four cores, from 1 to 8 m in length, sampled by piston coring device in the region near the mouth of the Buguldeika River (st. 316, 337), and to the south (st. 318) and to the north (st. 320) of this area; (b) a 100 m long core, drilled in the same region (BDP-93). 2 group Four short cores, up to 20 cm in length, taken from the region of hydrothermal discharge (vent area) in Frolikha Bay located in Northern Lake Baikal (st. 4, 6, 8, 10) , and short cores from control stations (st. 3, 11) that are located near the vent area.
Pore waters were squeezed from the short cores immediately after sampling on board ship using a whole core squeezer (Jahnke, 1988) . A hydraulic sediment squeezer system was used to obtain PW from long cores (under the pressure of up to 150 atm). The same method was used in the laboratory to get PW from the 100-m drill core. During squeezing, PW was passed through filters of 0.22 µm pore size. Anion concentrations were measured by HPLC and the relative error of analyses was around 7%. Concentration of cations was analysed by direct current plasma/atomic emission spectrometry with the error of measurements between 2 and 3%. PW isotopic composition was studied in the US Geological Survey by the method described in (Seal and Shanks, 1998) .
Results
So-called "background" concentrations of PW major ions, which are average concentrations in the surface sedimentary layer, are presented in Table 1 . While drilling, the upper sedimentary sequence was lost; therefore the first horizon studied in BDP-93 core is 142 cm below the sediment-water interface. Coefficients of PW enrichment in major ions (K) are calculated as follows: K = C max /C surf , where C max is maximal concentration in the core, C surf is the concentration in the upper sedimentary layer studied (Table 2) . PW anomalies are different in each group of sediments, thus they are discussed separately.
1 group (a) The highest PW anomalies are found in the cores taken at stations 316 and 337 located near the drilling site (Fig. 1) . There are high concentrations of many PW components at the horizons 169 and 243 cm at st. 316 (Fig. 2) : the concentration n/a n/a n/a n/a 2 -2538 -6 3 3 3 5 -5539 -12 4 4 4 6 11 * -horizon (depth within a core), at which anomalously high concentration is recorded; n/a -no data; dash means K < 2. (Table 2) . PW enrichment decreases towards the north (st. 318) and the south (st. 320), when moving from the drilling site being the smallest at st. 320 (Table 2).
PW chloride and Na ion strongly correlate with each other (Table 3 ). There is also some correlation between major cations and sulphate at stations 316 and 318. In general, enrichment in sulphate is not high (2-5 times, Table 2 ). However, the occurrence of sulphate enrichment is, in itself, (st. 316, 318, 320, 337) . Concentration in mg/L, alkalinity in µM.
of great importance, since the process of sulphate reduction results, as a rule, in the depletion of PW sulphate, sometimes leading to their complete disappearance (Mizandrontsev, 1975; Callender and Granina, 1992; Granina et al., 1994) . Thus, anomalies in PW composition appear differently in different cores, as well as at different depths within the sediment (from 42 cm to 339 cm, Table 2) , showing no any regularity in occurrence.
group (b)
In the BDP-93 core there is a tendency for the concentration of PW major ions to increase gradually down the core (Fig. 3a, c) . Not only does the sum of ions increase (Table 4) , but also the cation ratio changes with depth in the core: Na/K increases from approximately 2 to 9; Ca/Mg ratio decreases from 6 to 4. Calcium bicarbonate pore water in the upper part of BDP-93 core is replaced by a sodium-calcium bicarbonate type in the lower part of the core (Table 4) . Such an increase in TDS and change in the type of PW is caused by the processes of leaching and cation exchange that was described earlier for Lake Baikal cores up to 3 m in length (Mizandrontsev, 1975) . Besides such gradual pore-water metamorphosis with depth, a sharp increase in PW concentrations at some isolated horizons is also observed in the BDP-93 core (Fig. 3 ).
For example, Ca increases at 10 and 25 m depths ( Fig. 3c ), chloride at 31-37 m, and sulphate at 50-55 m (Fig. 3a) . The peaks of these concentrations do not correspond to each other along the core. Bromide appears at a depth of 19 m; the concentration is changing from 0.9 to 4.5 mg/L, a pattern of increasing with depth similar to chloride. The peaks of bromide and chloride do not always coincide. The Br/Cl ratio ranges from 0.04 to 0.16 and has a tendency to increase with depth. However, the highest values range between 45 m and 55 m depth (Fig. 3b) and that depth interval is near the depth interval of the highest PW sulphate (Fig. 3a) .
We can see from Fig. 3d that from the upper part of the BDP-93 core to the 31 m depth, the percentage of alkali metals gradually increases among the cations; simultaneously, the relative chloride concentration increases among the anions. In the lower part of the core at the 55 m depth, there is a substantial decrease in both PW chloride and alkali metals while the sulphate significantly increases along with some increase in calcium ions. At the bottom of the core (83 m), there are nearly equal relative concentrations of Ca and the sum of Na + K and approximately equal relative concentrations of PW chloride and sulphate. Such changes in PW chemistry suggest the local influence of mineralised solutions rich in sodium chloride near 31 m depth and calcium sulphate near 55 m depth. Thin sand-silt sedimentary layers, which according to (Kashik and Mazilov, 1997) occur at approximately the same (31 and 55 m) depths, could contribute to the seepage of these mineralised waters.
This hypothesis might be confirmed by isotopic data. On the δ 2 H−δ 18 O diagram a major field of BDP-93 PW isotopic composition is located between the local meteoric water line and line of thermal waters from southeastern Siberia (Fig. 4) . In the first time for the Baikal region, the heaviest 18 O isotopes with the values of −8.6 and −7.6‰ SMOW (Table 5) were found in BDP-93 pore waters. Points corresponding to the heaviest isotopes are distributed along the line of thermal waters of southeastern Siberia. Thus, the composition of pore water in the BDP-93 core is a result of the interaction of meteoric waters and ambient rocks with very probable influence of modern hydrotherms (Granina et al., 1995) . 2 group In Northern Lake Baikal, besides the anomalies found along the western border (Mizandrontsev, 1975) , pore waters ex- (Lomonosov, 1974) Atmospheric precipitation above Irkutsk from −9 to −25 from −65 to −213 (Seal and Shanks, 1998) Atmospheric precipitation above Baikal from −11.4 to −21.7 from −95.8 to −160.3 and waters of Baikal tributaries (Seal and Shanks, 1998) hibit an unusual composition near the eastern shore. There is a centre of underwater discharge in Frolikha Bay (Fig. 1) that is believed to be a region of hydrothermal venting located on crossing tectonic faults. Heat flux from the bottom is the highest for the whole lake and the waters just above the bottom sites with high heat fluxes are characterized by increased temperature and electrical conductivity (Golubev, 1993) . Obviously, thermal water discharge should affect the geochemistry of sediments and pore waters. Actually, both our (Fig. 5 , Tables 1-3) and published (Callender and Granina, 1992; Shanks and Callender, 1992; Granina et al., 1994; Pavlov, 1994; Granina et al., 1999) data show that PW anomalies appear just at the very top of the sediments.
Short cores taken at stations 4, 6, 8, 10 in the region of sub-aquatic hydrothermal discharge were studied in comparison with control cores sampled at neighbouring stations 3 and 11 (Fig. 1) . Sum of ions in PW at control sites averages 110 mg/L. In the vent region, the average is 658 mg/L, a value close to the maximum TDS in thermal springs of Pribaikal'e, which is, according to (Lomonosov, 1974) , 700 mg/L. Gradient in pore water TDS does not exceed 1.3 mg L −1 cm −1 at the control sites whereas it varies between 13 and 55 mg L −1 cm −1 in the vent area, thus testifying to the influence of mineralised waters. Increased TDS at st. 4, 6, 8 are mainly due to bicarbonate and Na-ion and, to some extent, chloride. This is confirmed by high values of corresponding correlation coefficients, which are from 0.95 to 1. However, the role of chloride is not significant. Weak enrichment in PW chloride occurs just in the lowest horizons of the cores, reaching only 5 mg/L at st. 4, 8 and 30 mg/L at st. 6. Coupled correlations are found for Na-HCO 3 and NaCl ions (Table 3) , whereas there is not any correlation for these ions at the control sites. Concentrations of PW bicarbonate and Na (in some cases Ca) are much higher compared to all other PW ions (Fig. 5) . One may conclude about the concentrations from the data presented in Tables 1-3. There is quite different PW chemistry at st. 10. The NaCl relation is stronger at this site (Table 3) . However, the highest chloride concentration is only 13 mg/L. The bicarbonate concentration is also low (67-86 mg/L), being close to the "background" value; concentration of PW sulphate is almost 90 times higher compared to that at the control sites (Table 1) . It is balanced by a corresponding increase (6-10 times) in the concentration of all cations. There is a direct relationship between PW sulphate and cations (Table 3) . Due to intensive sulphate reduction, no pore water enrichment in sulphate is found at any other station (Table 2) . Thus, the influence of mineralised sodium bicarbonate waters, which are responsible for high TDS, is observed at most stations that were studied in the hydrothermal vent area. In a sandy layer located at the sediment-water interface at st. 10, the influence of potassium-magnesium-calcium sulphate waters is noted (Table 3, Fig. 5 ). In a surface sedimentary layer at st. 4, there is an elevated concentration of bromide (5.9 mg/L), an element not typical of Lake Baikal pore water, except as noted earlier in the BDP-93 core.
The lightest stable isotopes 18 O(−21‰) and 2 H(−155‰) in Lake Baikal pore water are found at st. 6. Their composition coincides with that of the waters from thermal springs of Northern Pribaikal'e as presented in (Seal and Shanks, 1998) . Not only pore waters, but also waters from the neighbouring terrestrial thermal spring Frolikha (Fig. 1) were analysed at the same time: concentrations of sulphate (101 mg/L) and Na ion (73.6 mg/L) exceeded that in Lake Baikal waters by 21 and 18 times respectively. It follows from the data presented in Tables 1 and 2 that PW in the vent area is also enriched in Na ion (and in sulphate at st. 10). These data suggest the existence of the same source of terrestrial and sub-aquatic thermal water discharge.
In accordance with (Granina et al., 1999) , pore waters in the vent area are enriched in some minor elements: Sr, Sc, Zn, Mo, Cr, W, Be, As, Nb, Ba. Another peculiarity of this PW chemistry is the extensive heterogeneity: in spite of very small difference in the location of sites studied, PW chemistry differs significantly from station to station. This may reflect the extremely local influence of thermal waters. Published data also indicate that there are point sources of subaquatic water discharge in Frolikha Bay (Kipfer et al., 1996) .
Thus, high concentrations of PW sulphate, chloride, and Na are found at some sites in Southern Lake Baikal; of PW bicarbonate and Na and, in some cases, of sulphate in the Frolikha Bay vent area in Northern Lake Baikal (Table 1 ). In the area of groundwater hydrothermal discharge, the PW anomalies are the clearest, the most mosaic, and diverse.
Discussion
Data presented in Table 4 indicate that pore waters in Lake Baikal are meteoric in origin. At the same time, in different regions of the lake and at different depths within the sediment column, pore waters are substantially enriched in some components that are not major constituents of the ambient sediments, and such enrichments are not the result of simple water-sediment interaction. For example, the region of Northern Baikal (including Frolikha Bay area) is totally composed in granitoids and there are not rocks, like evaporates, which could serve as sources of anomaly-forming components. In this connection, an influence of remote sources of anomaly-forming components needs to be assumed. A probability of such influence and its possible mechanism follow from the peculiarities of the total fault structure in Baikal rift.
Data presented above as well as some published materials, listed below, argue that there is a genetic relationship between centres of terrestrial and sub-aquatic hydrothermal discharge in Northern Baikal. Like this, the mean content of TDS in PW in the Frolikha vent area coincides with the highest one of thermal springs of Pribaikal'e. Both these pore waters and waters of terrestrial thermal spring Frolikha are enriched in Na ions, sulphates, as well as in some minor elements -Mo, Cr, W, Sr (Granina et al., 1999) . Such elements as Sr, Br, W, Zn are common minor elements in modern terrestrial hydrotherms in the Baikal Rift Zone (BRZ) (Lomonosov, 1974) and exactly these same elements are found, according to our data (Granina et al., 1999) , in Frolikha Bay pore waters. In this area, composition of PW stable isotopes at the deepest horizons of short cores is similar to that in the waters of terrestrial thermal spring Frolikha (Shanks and Callender, 1992) .
At st. 10 concentration of the helium dissolved in nearbottom water exceeds 8 background units (Pavlov, 1994) . This element may enter through the zones of increased permeability, since it is known that there is helium in thermal spring waters in Pribaikal'e (Lomonosov, 1974) . Results of He isotopes investigation testify that part of the He in the hydrothermal water originates from the earth crust; they confirm an existence of one source of terrestrial and sub-aquatic discharge in Frolikha Bay (Kipfer et al., 1996) . Apparently, this is not the only example of such a genetic relationship. It is possible to trace a relationship between sodium sulphate waters that are substantially enriched in chloride and fluoride of the terrestrial spring Kotelnikovskii on the western shore of Lake Baikal (Lomonosov, 1974) and PW from adjacent bottom sediments (st. 40, 41 on Fig. 1 ) that are enriched according to (Mizandrontsev, 1975) in chloride, sulphate, and alkali metal ions. Such a genetic relationship between terrestrial and sub-aquatic water discharge is obvious because they are connected by large fault systems.
Meteoric waters flow into the open zones of major faults located along the western border of the Baikal depression. Most of the faults exit to the surface above the lake level up to 500 m elevation; fault zones are of listric type and plateaus with depth. Penetrating into the deep zone, the waters move laterally. They gather the heat, are warmed and enriched in the components of ambient rocks. Along the minor faults of eastern borderland, hot waters rise to the surface and form numerous mineral thermal springs that are located presumably in the coastal zone, close to the Baikal level (Fig. 1) . Part of them, as it is exemplified by the data on Frolikha Bay PW chemistry presented in this paper, may discharge on the lake bottom. The most recent data (Golubev, 2002) confirm that in the BRZ the heat is transported by ground waters being redistributed within about 5 km thick sedimentary layer due to forced convection caused by heights-depths difference.
Extending our understanding of the modern hydrotherms formation in BRZ (Lomonosov, 1974) to Lake Baikal pore water that is genetically linked with hydrotherms, we believe that PW constituents are probably the result of leaching of ambient rocks. However, a fraction of PW sulphate, halogens, and minor elements may have multiple geneses, including the input of fluids from deep zones of the earth's crust and mantle. Slowly, during a long period of time, these components (probably as ions and molecules) are seeping through the zones of increased permeability in the areas of tectonic instability.
Entering the sedimentary sequence, the fluids enriched in numerous components are able to penetrate through sandy layers. However, a question arises as to how they could migrate through clayey sediments (aquiclude). The effect of "vagabonding sieves" (Vartanyan and Goldberg, 1996) may serve as possible explanation. It works as follows: if some part of the water-pressure system is stretching, the micro-pore space of the clayey sequences may open periodically. Rising discharge of high-pressure (mineralised, heated) ground waters occurs at this time. When deformation changes from stretching to compression, the input of rising fluids stops, and the "vagabonding sieve" is translated into another part of the water-pressure system (Vartanyan and Goldberg, 1996) . In the seismically-active Baikal rift zone, characterized by wide-spread strains of stretching and compression, a similar mechanism may provide the transport of hydrothermal water fluids through friable deposits, including clayey ones.
It was shown above (Tables 1 to 3) that PW anomalies are expressed differently in the southern and northern basins. Let's consider how these differences correspond to the scheme of deep, vertical hydrogeochemical zonality within the BRZ. In accordance with the scheme (Lomonosov, 1974) , bicarbonate and sodium bicarbonatesulphate hydrotherms are presumably formed in the upper part of the rift (up to 3 km depth) where temperatures up to 100 • C dominate. As we showed above, sub-aquatic discharge of this nature takes place in Frolikha Bay.
At depths of 3 to 6 km, where temperatures exceed 100 • C, there is a hydrogeochemical zone characterised by the formation of sulphate and sodium chloride-sulphate hydrotherms (Lomonosov, 1974) . However, in contrast to this scheme, at a depth of only 2 to 3 km, non-zonal ground waters were discovered by oil-drilling holes in the Selenga River delta (Fig. 1) . There was sodium bicarbonate-chloride water at a depth of about 3 km in Istokskaya N1 hole and high concentration of sulphate at a depth of about 2 km in the Tvorogovskaya hole (Lomonosov, 1974) . The water temperature ranged between 36 • and 100 • C and the percentage of sulphate and chloride was up to 28 and 33% eqv., and that of Na ion was 73 to 97% eqv. (Table 4 ). These ground waters of specific composition, occurring within sands of Miocene age, are relics of ancient salt lakes (Dzyuba and Kulagina, 2000) . They are distributed in the region, adjacent to which we found pore waters characterized by anomalously high content of sulphate, chloride, and Na ion (Fig. 1) . It is logical to suppose that these ground waters may serve as a source of ions that enrich the pore waters of Southern Lake Baikal. Data presented in Table 4 show that the sum of ions is of the same order of magnitude (100-600 mg/L) in the most enriched pore waters as in the waters of the drill holes. Moreover, one may find "an analogue" of PW among the waters of the drill holes that are characterised by a rather similar anion composition. Differences mainly concern the content of sulphate and are determined by the intensity of sulphate reduction. The composition of cations differs more; as a rule, there is more sodium and/or magnesium in the water of the drill holes compared to the cation composition in PW. This is a result of the processes of cation exchange and leaching. A similar tendency for cations to change their ratio with depth was observed in PW of the 100-m BDP-93 core (see above). Thus, at 2 to 3 km depth it should be more pronounced.
Just near the Selenga River delta region, the crystals of gas hydrates have been recently found within the upper 25 cm of lake sediments that are characterised by anomalies in PW composition ( Fig. 1) (Klerkx et al., 2000; Granina et al., 2000) . The porewater in gas-hydrate-bearing sediments is characterized by a high concentration of sulphate (up to 15 mg/L) and chloride (more than 100 mg/L) (Granina et al., 2000) . It is likely that the same relics of ancient salt lakes could serve as a source of PW ions for these sediments. These constituents are able to penetrate friable deposits through the zones of increased permeability, since this part of the lake bottom is bordered, in accordance with (Klerkx et al., 2000) , by crossing faults.
Conclusion
Porewaters of specific composition are found at different horizons within the sediment column at several locations in Lake Baikal. They are characterised by anomalously high concentrations of some of the major ions and, in some cases, by the presence of rare minor elements.
PW anomalies have specific features in each of the basins. It is shown that there is a generic relationship between subaquatic and terrestrial centres of thermal-water discharge in Northern Lake Baikal. Anomaly-forming constituents enter the pore water probably as a result of leaching of ambient sediments. In addition, a fraction of the sulphate, halogens, and minor elements may have multiple geneses that include the input of fluids from deep zones of the earth's crust and mantle. Data on Frolikha Bay PW chemistry presented in this paper exemplify that besides terrestrial there is also a sub-aquatic hydrothermal water discharge in Lake Baikal.
In Southern Lake Baikal, non-zonal ground waters of specific composition are found in the Selenga River delta, which represent relics of ancient salt lakes and may serve as a source of the anomaly-forming components. Their influence may be realized through the zones of increased permeabil-ity that are widely spread throughout this area. The effect of "vagabonding sieves" could contribute to penetration of water fluids through friable deposits, including clayey ones. This effect may be of great importance in the seismicallyactive zone of the Baikal rift.
